Despite the extensive research on molecular pathways controlling the process of regeneration in planarians and other regeneration models, little is known about the actual initiation signals necessary to induce regeneration. Previously the involvement of ROS, EGFR and MAPK/ERK has been demonstrated during planarian regeneration, however the exact interplay has not been yet described. By selectively interfering with major mediators in all three key parts (ROS, EGFR & MAPK/ERK), we were able to identify amputation/wound-induced ROS, and H 2 O 2 specifically, as upstream cue in activating regeneration-initiation. In addition, our results demonstrate new relationships between regeneration related ROS production and MAPK/ERK activation at early regeneration stages, as well as the involvement of the EGFR-signaling pathway. In summary, our results suggest a new and more extensive signaling model with ROS, and H 2 O 2 , highlighted as upstream initiationfactor and its important functions in the downstream EGFR-MAPK/ERK pathway during planarian regeneration.
Introduction
Regeneration is the fascinating phenomenon in which animals are able to repair and regrow lost or damaged tissues, structures and even the whole body 1 . At the cellular level, this includes proliferation, migration and differentiation, processes that need to be under a strict genetic and molecular control 2 . The capacity to regenerate missing or damaged parts is widely distributed across the animal kingdom 3 . The level of regeneration varies greatly among different species; from full body regeneration in invertebrates such as hydra and planarians, to specific organs and structures as for example limb regeneration in amphibians and heart regeneration in zebrafish [4] [5] [6] .
Mammals such as humans, on the other hand, have very limited regenerative capabilities. Understanding how tissue development takes place in regenerative animals might provide fundamental knowledge for the further improvement of regenerative medicine.
In this context, freshwater planarians are a model with several attractive features: i) they can regenerate a whole animal from a tiny piece of their body, ii) a large part of their body consists of a population of adult pluripotent stem cells called neoblasts, with a similar transcriptional profile as compared to other invertebrate and vertebrate stem cells, and iii) they use conserved signalling pathways to regulate cell differentiation, patterning and morphogenesis. As such, Hedgehog and Wnt/ βcatenin signaling are required to re-establish the anteroposterior axis of the animal, the BMP pathway regulates the dorsoventral axis, and the EGFR pathway is needed for proper neoblast differentiation [7] [8] [9] . Although several studies have uncovered a pivotal role of these, and other, signaling pathways during planarian regeneration, little is known about what upstream signals activate them to trigger a regenerative answer after an amputation. Recently, Owlarn and colleagues reported that a planarian extracellular signal-regulated protein kinase (ERK) was strongly activated in a stem cell-independent manner, just minutes after amputation. By inhibiting protein synthesis using cycloheximide, they showed that ERK activation was triggered by injury signals that did not originate from newly synthesized proteins. Therefore, ERK activation by a still unknown factor, appears to be the most upstream initiator of planarian regeneration 10 . In recent years, many in vitro as well as in vivo studies put forward reactive oxygen species (ROS) as upstream signaling molecules of regeneration [11] [12] [13] . H 2 O 2 for example, can cross cell membranes through aquaporin channels and gap-junctions and diffuse freely between the cells 14, 15 .
Similar to what happens in other physiological processes such as growth, inflammation and ageing, wound-induced ROS, and more specifically H 2 O 2 with a rather long half-life, can play a regulating role in early wound responses and regeneration. In 2013, Love et al. demonstrated that amputation-induced ROS production is absolutely required for Xenopus tadpole tail regeneration 16 . Shortly after that, Gauron and colleagues showed a similar ROS production at the amputation site during fin regeneration in adult zebrafish and proved its role in blastema formation 17 . More recently, the Serras group demonstrated the presence of an oxidative burst just minutes after inducing regeneration of the wing imaginal disc in Drosophila 18 . Also in planarians, we observed that an amputation-induced ROS burst is necessary for proper stem cell differentiation and successful regeneration 13 .
Many studies already indicated an interplay between ROS and mitogenactivated protein kinases (MAPK) signaling pathways [18] [19] [20] [21] [22] 24, 25 and other models [26] [27] [28] [29] . Also, the activation of the EGFR pathway by ROS has been described in different models 30, 31 . Furthermore, previous studies have identified a functional relationship between the EGFR pathway and the egr (early growth response) family of transcription factors in planarian regeneration, in which a link between egr genes and ERK activity has been demonstrated in different models [32] [33] [34] [35] . Overall, these reports suggest that wound-induced ROS signaling operates through EGFR-MAPK pathways in order to stimulate transcriptional expression of cytokines that in turn will be crucial to trigger tissue repair and restore homeostasis 19 .
Even though ROS, EGFR and ERK have been shown to be required for planarian regeneration, it is not known the relationship between these pathways.
Here, we show that amputation-induced ROS production might be the upstream cue that would activate ERK signaling to initiate regeneration in these animals.
Results

Generation of Reactive Oxygen Species after applying an R -or H wound
Recently, it was shown that a common generic wound response program is triggered by both injuries that require only wound healing (H-wounds) and by injuries that imply tissue loss and, therefore, require regeneration (R-wounds) 10 . In previous research, we showed an amputation-induced ROS burst after inflicting an R-wound in planarians 13 . Here, we confirm the fast ROS production at the R-wound site ( Fig.   1A.1) , and additionally show that a ROS burst occurs after applying an H-wound ( Fig. 1A.2 ). Negative controls (without carboxy-H2DCFDA), showed no autofluorescence at both R-and H-wound sites (Suppl. Fig. 1 ).
Owlarn and colleagues have demonstrated the triggering of generic initiationsignals in both wound types in dormant, MEK-inhibited fragments 10 . Therefore, it is important to verify the presence of ROS at the wound site after rewounding MEKinhibited fragments in order to analyze its possible role in the rescue of regeneration.
ROS were indeed detected at the site of the newly inflicted R-wound ( Fig. 1B.1 In summary, these results, together with the observed regenerative impairments after ROS inhibition (Suppl. Fig. 2) 13 , point out the fast developed, wound-induced ROS as putative upstream key mediator in both initiating regeneration in control animals and in the rescue of regeneration in dormant MEKinhibited fragments.
Hydrogen peroxide treatment rescues regeneration in dormant MEK-inhibited fragments
To functionally confirm a role for ROS as a regeneration initiating signal, we investigated if we could reactivate MEK-inhibited, dormant blastemas by treating them with an exogenous ROS-source. The in vivo ROS stain that we addressed to visualise wound-induced ROS production detects a broad range of reactive oxygen species, making it difficult to specify which ROS to use. However, because of the beneficial characteristics of H 2 O 2 for its function as messenger molecule and the 6 supporting evidence regarding the activation potency for several molecular pathways, we focused on using H 2 O 2 as exogenous ROS-source ( Fig. 2) .
When inflicting a new R-wound ( Fig. 2B : REcut) to MEK-inhibited trunk fragments (with pharynx), 96,88% (n=32) of the fragments regenerated. A small fraction of these animals (6,25%) started regenerating, but neither eyes nor pharynx could be identified at the moment of comparison. In tail fragments (without a pharynx), 100% (n=30) restarted regeneration after inflicting an R-wound, of which 96,67% regenerated normally. In the absence of a new R-wound ( Fig. 2B : NO H 2 O 2 ), 91,67% (n= 60) of the MEK-inhibited trunks failed to regenerate, while the remaining part of the worms regenerated slower. The same trend was visible in the tail fragments: 95% (n=80) of the fragments did not regenerate and in 5% regeneration was delayed. In all cases, the absence of regeneration remained for at least 21 days.
Initial dose-response experiments indicated that a 6 hours treatment with 1,5 to 2,25mM H 2 O 2 was enough to fully rescue 26,76% (n=120) of the trunk fragments (with a pharynx), and 5% (n=80) of tail fragments (without a pharynx). An additional 20,83% of the trunk fragments were partially rescued, showing a slower regeneration. In case of the tail fragments this partial rescue reached 28,75%. In both setups, trunk and tail fragments, a small amount of animals died; 6,58% and 13,75% respectively. In order to exclude wounding by H 2 O 2 , a ROS staining was performed on dormant fragments after 3 and 6 hours of exposure to H 2 O 2 . No ROSinduced wounding was observed at the epidermis of the H 2 O 2 -treated planarians (Suppl. Fig. 3 ).
Taken together, these results show the potency of H 2 O 2 in reversing MEKinhibition, consequently rescuing regeneration. Hereby, it supports the finding of ROS as upstream regeneration-initiation signal.
Inhibition of ROS production blocks ERK activation at the wound site
To identify downstream targets and a possible interaction between the amputationinduced ROS burst and ERK, we performed an immunostaining with an anti-pERK antibody after ROS inhibition with 3 µM DPI 23 24 . In the control conditions, where animals were kept in regular medium or DMSO, an activation of pERK was observed at the wound site of head-(control: 4/5, DMSO: 3/6), trunk-(control: 6/7, DMSO: 6/8) as well as tail pieces (control: 4/6, DMSO: 4/6). This pERK-sinal was strongly reduced in the DPI-treated fragments (heads: 5/7, trunks: 7/9, tails: 5/7) ( Fig. 3B) , 7 suggesting that an amputation-induced ROS production at the wound site is required for the phosphorylation and proper activation of ERK ( Fig. 3C) .
Smed-egfr-3 and Smed-egr-4 silencing impair ROS production and pERK activation in regenerating animals
Literature has already described examples of the activation of EGFR signaling by ROS and the potential of EGFR in mediating MAPK signaling including ERK activation [24] [25] [26] [27] [28] [29] [30] [31] . Additionally, the egr (early growth response) family of transcription factors is suggested to be a downstream target of EGFR signaling in planarian regeneration as well as in other models [32] [33] [34] [35] .
In order to further investigate the functional relationship of Smed-egfr-3 and Smed-egr-4 with pERK, we carried out an immunostaining with the anti-pERK antibody in controls and RNAi-mediated Smed-egfr-3 and Smed-egr-4 knockdown animals. (Fig. 4A) . A clear pERK activation was observed in all control fragments at 6HPA (trunk pieces: 7/11, tail pieces: 7/8) and 1DPA (trunk pieces:8/9, tail pieces: 11/14) . In contrast, a strong reduction of the anti-pERK signal at the wound site was observed in Smed-egfr-3 silenced fragments at 6HPA (trunk pieces: 5/5, tail pieces: 5/7) and 1DPA (trunk pieces:7/8, tail pieces:12/14). Similar results were observed after silencing Smed-egr-4, both at 6HPA (trunk pieces: 9/9, tail pieces: 7/7) and 1DPA (trunk pieces:6/7, tail pieces:8/9) ( Fig. 4B) . These results suggest that Smedegfr-3 and Smed-egr-4 are required for ERK activation (Fig. 4C) .
To characterize the link of ROS with EGFR signaling during planarian regeneration, an In vivo ROS visualisation was performed in controls and animals subjected to RNAi silencing of either Smed-egfr-3 or Smed-egr-4. (Fig. 5) . Whereas the presence of the amputation-induced ROS burst was clear in the control animals (30MPA: 5/7, 6HPA: 7/8, 24HPA: 6/8), trunk fragments subjected to Smed-egfr-3 knockdown showed a clearly diminished ROS production at all time points (30MPA: 6/7, 6HPA: 5/7, 24HPA: 5/7). Similar results were observed in Smed-egr-4 RNAi animals (30MPA: 6/9, 6HPA: 4/7, 24HPA: 5/8) ( Fig. 5B) .
Altogether, these results indicate that Smed-egfr-3 as well as Smed-egr-4 might play a pivotal role in regulating the amputation-induced ROS production, possibly through the existence of feedback mechanisms (Fig. 5C ). Furthermore, it is suggested that the activation of pERK by ROS could be mediated by the EGFR pathway during regeneration. Additionally, results point out the existence of a 8 second, negative feedback mechanism of egr-4 in order to regulate pERK activation as well ( Fig. 4C) .
MAPK phosphatase is overexpressed in Smed-egr-4 knockdown animals
In the context of previously suggested negative feedback mechanism of egr-4 in relation to ERKs activation, a study of Tasaki et al. 2011 showed that in planarians pERK could be negatively regulated by the action of a MAPK phosphatase (MKP) 23 .
Therefore, the expression of Smed-mkp was checked in controls and planarians subjected to knockdown of either Smed-egfr-3 or Smed-egr-4. A strongly increase of Smed-mkp expression was observed at the anterior wound site of the regenerating trunk fragments in Smed-egr-4 RNAi animals (n=4/4) in comparison to no expression in both control (n= 5/5) and Smed-egfr-3 RNAi (n= 3/3) animals ( Fig. 5D) . These results suggest that egr-4 might be required to maintain pERK activation by inhibiting Smed-mkp.
Discussion
The complex process of animal regeneration is highly organized and regulated by a Similar observations were reported during the regeneration process of the wing imaginal disc in Drosophila and during anterior and posterior regeneration of the planarian Schmidtea mediterranea 13, 18 . In all of the above-mentioned cases, ROS production was clearly linked to the capacity to regenerate, e.g. the absence of ROS production during regeneration-initiation led to regenerative impairments (Suppl. Fig.   1 ) 10,13,16-18 . 9 Previously we showed a rapid ROS burst at the wound site after inflicting a regenerative(R)-wound as well as its necessity for proper regeneration in planarians 13 . Here, we demonstrate that ROS are also produced after healing(H)wounding ( Fig. 1A ). Owlarn Generally it is stated that ROS function as messenger molecules and regulate processes such as cell proliferation, differentiation and patterning by modulating gene transcription and protein phosphorylation 11, 12, 19, [36] [37] [38] [39] . In many of these pathways, MAPKs are predominantly mentioned as a required intermediate link, playing pivotal roles in signal transduction from the cell membrane to the nucleus.
Exogenous addition of H 2 O 2 or treatment with ROS-inducing compounds, lead to the activation of the MAPK pathway 19, 40, 41 . On the other hand, the inhibition of ROS production or the stimulation of antioxidant defense mechanisms, block MAPK activation 20, 42 . Taking into account that, in planarians, ROS are necessary for regeneration, that ROS are induced very early after H-and R-wounding, and that 10 ERK activation is required for regeneration, we searched to determine whether ROS act upstream of ERK and which factors mediate ROS production and ERK activation.
Our results show that MEK-inhibited dormant tails can be rescued by the addition of exogenous H 2 O 2 without the need to inflict a new wound (Fig. 2) . It is important to point out that the H 2 O 2 treatment did not induce wounds in the epidermis, indicating that the rescue was not introduced by re-wounding the dormant tails (Suppl. Fig.3 ).
We hypothesize that because of its relatively long half-life and good membrane permeability, H 2 O 2 functions as secondary messenger and triggers the activation of important regeneration-related downstream signaling processes such as ERK activation. The strong reduction of ERK activation at the wound site after inhibition of ROS production in regenerating animals, again verifies the upstream function of ROS relative to ERK (Fig. 3) .
In many organisms, the epidermal growth factor receptors (EGFR), one of families of the receptor tyrosine kinases (RTK), are known to regulate several biological processes by activating key downstream pathways including the MAPK pathway [26] [27] [28] [29] [43] [44] [45] . In planarians, Smed-egfr-3 is required for proper regeneration as well as for ERK activation (Fig.4) 24, 46 . Recent literature suggested that RTKassociated activation mechanisms are under redox control. Activation of EGFR signaling by ROS can occur in at several ways 47 . On one hand, intracellular ROS can facilitate the phosphorylation of EGFR and induce a subsequent cascade of phosphorylations. According to Peus and colleagues, H 2 O 2 specifically acts as a critical mediator in this case 48 . The absence of ERK activation after inhibition of ROS production (Fig.3) , and the rescue of regeneration in dormant tails by H 2 O 2 in our results support this hypothesis (Fig.2) . Furthermore, silencing Smed-egfr-3 results in decreased amputation-induced ROS production, suggesting the dependency of ROS production on the EGFR signaling ( Fig.5 ). This could be explained by the fact that ligand-dependent dimerization of EGFR induces ROS production for its autophosphorylation and consequent activation, leading to a decreased ROS production when silenced 47 . However, literature also suggests that H 2 O 2 acts as a critical mediator in the ligand-independent phosphorylation and activation of EGFR 48 .
Additionally, EGFR signaling can also be redox-controlled via MAPK phosphatases 11 (MKPs), responsible for the dephosphorylation and inactivation of ERK. MPKs contain catalytic cysteine residues which are targets for oxidation by ROS leading to its deactivation 19, 49 . As a result, ROS inhibition would lead to increased MKP activity and therefore inhibition of ERK activation.
Our results suggest a second regulator of MKP activity, namely Smed-egr-4.
Smed-egr-4, codes for a zinc finger transcription factor of the early growth response factor family and is reported as a putative target of Smed-egfr-3 32 . The transcription factor is upregulated immediately after inflicting an R-or H-wound, while hardly expressed in intact planarians 50, 51 . Smed-egr-4 silencing results in regeneration defects similar to those after Smed-egfr-3 downregulation, inhibition of ERKs activation and decreased ROS production 13, 23, 32, 46 . Silencing of Smed-egr-4 leads to a strong reduction of ERK activation together with a pronounced upregulation of Smed-mkp ( Fig. 5 ) which suggests that Smed-egr-4 might function as an inhibitor of MKP activity, preventing the dephosphorylation and inactivation of ERK. Together with ROS they form a secure and self-reinforcing regulation mechanism of MKP activation state. Moreover, the silencing of Smed-egr-4 also leads to a reduced amputation-induced ROS production which suggest the existence of a feedback mechanism regulating ROS production by Smed-egr-4 ( Fig. 4 ). Because regulation of NADPH-oxidases (Nox) expression can be controlled by ERK-activation and linked transcription factors, Smed-egr-4 knockdown which leads to increased MKP activation and consequently decreased ERK activation, can alter Nox-expression, explaining the impaired ROS production 53 . However, further experiments are necessary to clarify the involvement of Nox genes in planarians. All these data together with what is known about ROS and EGFR-MAPK signaling in other systems allows us to propose a model for the interactions of all these elements during planarian regeneration (Fig. 6 ).
In summary, our results suggest that: i) ROS have the potential to rescue regeneration in MEK-inhibited dormant tails, ii) ROS are required for ERK activation at early regeneration stages, iii) the EGFR pathway can mediate ROS production with ERK activation during planarian regeneration. We provide the first evidence of amputation-and wound-induced ROS production in relationship with the EGFR- 12 MAPK signaling pathway during planarian regeneration in which ROS not only are identified as most upstream trigger for regeneration-initiation, but additionally also perform its functions more downstream.
Materials and Methods
Planarian cultivation
An asexual strain of the freshwater planarian species Schmidtea mediterranea was kept in Milli-Q water containing 1.2 mM NaHCO 3 , 1.6 mM NaCl, 1.0 mM CaCl 2 , 1.0 mM MgSO 4 , 0.1 mM MgCl 2 and 0.1 mM KCl (cultivation medium). The planarians were continuously maintained in the dark at a temperature of 20°C. Once a week they were fed with veal liver. Animals used in experiments were starved for at least 7 days before the procedure.
Inhibition of Reactive Oxygen Species (ROS) Production
The nonspecific flavoprotein inhibitor, Diphenyleneiodonium chloride (DPI, Sigma Aldrich, D2926), was used in order to block ROS production by interfering with several electron transporters. Animals were exposed to 3µM DPI for 5 hours prior to in vivo ROS staining and 1hour prior amputation when followed by pERK immunohistochemistry. In both cases, animals were continuously exposed to DPI during the whole regeneration period. Because of its hydrophobic character, DPI was prepared in 0.01% dimethylsulfoxide (DMSO, Sigma Aldrich, 471267). In all experiments concerning DPI exposure, a DMSO-exposed control group was added to take into account the possible effects of DMSO since relatively high concentrations can have neurotoxic effects and influence cell proliferation in S. mediterranea 52 .
Immunohistochemistry
To analyse the relationships between ROS, Smed-egfr-3 and Smed-egr-4 relative to ERK activation in early regeneration, a pERK immunostaining was performed after interfering with the aforesaid. Planarians were amputated followed by 6 and/or 24 hours of regeneration. Next, they were fixed and processed as previously described by Fraguas et al. 24 
MEK Inhibition
The chemical compound PD0325901 (Calbiochem) was used to reversibly inhibit MEK activity and subsequently prevent the phosphorylation and activation of ERK.
As a consequence we obtained dormant planarian fragments as described by Owlarn et al. 10 . PD0325901 was dissolved in DMSO and used in a concentration of 25 µM. Planarians were exposed to PD0325901 for 1 hour prior and up to 5 to 7 days post amputation. The exposure solution was replaced daily or every two days, depending on the experiment. After treatment with PD0325901, animals were gently washed and placed into fresh medium until used for experiments.
H 2 O 2 Treatment
Dormant, MEK-inhibited fragments were exposed to H 2 O 2 with the intention to rescue regeneration. After initial range finding experiments, dormant fragments were exposed to either 1,5mM (0,005%) or 2,25mM (0,0075%) H 2 O 2 (in cultivation medium) for 6 hours. After 3 washes with cultivation medium, they were kept in fresh medium. were also performed without the carboxy-H2DCFDA-stain in order to discard possible autofluorescence at the wound sites.
Reactive Oxygen Species (ROS) Detection
RNA Interference
Double-stranded RNA (dsRNA) for Smed-egfr-3 and Smed-egr-4 were synthesised as previously described (Smed-egfr-3, forward primer:
GTACTGGGCAATGTTGGACCTGGC, reverse primer:
TGACGGCCTCATGTGGGGATCATCG;
Smed-egr-4, forward primer:
GGCCGCGGTATGGGATATTCTTCTCAACTG: reverse primer:
GTAATTATGAGTCGTGTAGGC). Animals were injected in two rounds of 3 consecutive days each with 4 days elapsed in between. On day 4 of the second round, planarians were amputated pre-and post-pharyngeally to induce regeneration. Injections were done using the Nanoject II (Drummond Scientific, Broomall, PA, USA) and consisted of three times 32 nl containing 1 µg/µl dsRNA.
Controls were injected with dsRNA of gfp.
In Situ Hybridization
Riboprobes for in situ hybridizations were synthesized using the DIG RNA labelling kit (Sp6/T7, Roche) following the manufacturer's instructions. Primers used for the development of the DIG-labeled Smed-MKP probe were the following; forward primer: GACAATTTACGTTGTCCAACA, reverse primer:
GTCCGGCGCCGTTTGACCCA.
To perform whole mount in situ hybridizations, regenerated trunk fragments were 
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Figure legends
Supplementary Figure 1
DPI mediated inhibition of ROS production impairs blastema formation and CNS regeneration. Control animals were kept in culture medium. In an additional control group, animals were exposed to 0,01% DMSO, while ROS inhibition was mediated by exposure to 3 mM DPI. In the left panels, all images were taken at 3 days post amputation (3DPA). The amputation setup is shown in the central panel.
The right panels show regenerating fragments after a immunostaining with anti-SYNORF1 in order to visualise the central nervous system at 6 days post amputation (6DPA). Scale bar 200µm.
